We illustrate that when the benefits of recent dramatic declines in Lithium battery prices are fully realized, the total cost of ownership of urban (intra-city) electric buses is lower than that for diesel buses in India even without subsidies. Factoring in the air quality benefits, projected reductions in the cost of batteries and solar electricity, it becomes evident that transitioning to an all-electric bus fleet presents an enormous opportunity for India to reduce urban air pollution while improving the finances of urban bus transit agencies. Applying relevant lessons from the policy ecosystem that delivered substantial price reductions and large-scale rapid deployment of solar PV and LEDs could achieve similar outcomes for battery electric buses. Well-designed high volume auctions and clear long term ambitious targets for fleet electrification could achieve rapid electrification with little net public subsidy in the long-run.
Executive Summary
Summary: We illustrate that when the benefits of recent dramatic declines in Lithium battery prices are fully realized, the total cost of ownership of urban (intra-city) electric buses is lower than that for diesel buses in India even without subsidies. Factoring in the air quality benefits, projected reductions in the cost of batteries and solar electricity, it becomes evident that transitioning to an all-electric bus fleet presents an enormous opportunity for India to reduce urban air pollution while improving the finances of urban bus transit agencies. Applying relevant lessons from the policy ecosystem that delivered substantial price reductions and largescale rapid deployment of solar PV and LEDs could achieve similar outcomes for battery electric buses. Well-designed high volume auctions and clear long term ambitious targets for fleet electrification could achieve rapid electrification with little net public subsidy in the long-run.
Indian cities are struggling to keep the air breathable for inhabitants, due in part to emissions from diesel buses. While the case for electric buses, and more generally, zero emission buses, has always been clear from an urban air pollution perspective, the economic case depended strongly on their environmental benefits. However, the situation seems different today.
By the end of 2017, lithium-ion battery costs had fallen more than 80%-to less than $175 per kilowatt-hour (kWh)-relative to their cost in 2010. Consequently, the cost of producing electric buses have fallen steeply, and electric buses are gaining market share worldwide. For example, electric bus sales in China have increased tenfold over the last five years, to 100,000 units per year.
Given these recent developments, we develop a model to estimate the total (or lifecycle) cost of ownership (TCO) of both electric and diesel buses from the bottom-up (i.e., using cost of individual major components and sub-systems in a bus) while taking into account the cost of charging infrastructure, and battery replacement. We use this model to analyze the sensitivity of the difference in the TCO of electric and diesel bus to different future scenarios of battery cost, bus utilization rates, and lastly, to different policy interventions (subsidies, tariffs, and electricity rates). We do this analysis for four different bus configurations -9 meter (m) non-air-conditioned (AC), 9m AC, 12m Non-AC, 12m AC.
Across a broad range of average daily utilization rates from 150 to 250 kilometers, and at the current unsubsidized cost of electricity supply, we find that electric buses have a lower TCO relative to diesel buses not only in the absence of EV subsidies but even after factoring in the 30% tariff on import of EV batteries into India (see Figure A) . A few other recent studies have compared the TCO of both electric and diesel buses. However, because those studies assume battery cost that are 2X to 4X the cost in 2017, they result in greater TCO for EVs.
We also compare our bottom-up estimates with actual bids received by various Indian cities under the Faster Adoption and Manufacturing of Hybrid and Electric Vehicles (FAME) policy which provides generous subsidies for procuring EV buses. This data suggests that while TCO of the electric bus to the buyer (i.e., city bus agency) is comparable to that for diesel buses in most cases 1 , the total price received by the manufacturers, which is the price paid by the buyer plus the subsidy, translates into a higher TCO relative to diesel bus, which appears to contradict the bottom-up estimate. Figure also shows how the TCO derived from bottom up cost estimates of vehicle production cost (solid green bars) compares to the winning bids for electric bus service on a per km contract basis (green checkered bars). All diesel bus metrics are based on bottom-up estimation of vehicle production cost. It also shows how the bottom up estimate of electric vehicle production cost (solid green bars) compares to winning bids for outright procurement of electric buses (hashed green bars). It also depicts the payback to electric buses relative to an assumed common useful life of 12-year life for both diesel and electric buses. Note that for 9m Non-AC bus, the bids for electric bus service exceeds our bottom up estimate.
Plausible reasons as to why the bid data suggest a higher TCO relative to the bottom-up estimates include imperfect competition (most cities had one or two bidders) 2 , information asymmetry, and battery prices that are out-of-date with recent trends. At the same time, it is plausible that our bottom-up estimates are biased downward due to hidden costs including transaction costs and higher actual cost of capital.
bid was for outright purchase of the bus or a bid for bus operations on a cost-per-km basis. More details are in the full report. 2 When there is imperfect competition, bidders might set their price to the buyer at or close to the TCO of diesel bus, which is easy to estimate, so as to capture the full benefit of the subsidy.
Notwithstanding the higher total cost (i.e., with the subsidy) revealed by the bids as well as the estimates in the literature, our bottom-up analysis is aimed at illustrating how in the long-run the difference in costs fundamentally ought to reflect the incremental cost of the battery, the savings in engine cost, and savings in fuel and maintenance costs. Viewed from this perspective, given the projected future decline in battery prices (from $200 to $100 per kilowatthour (kWh)), the reduction in the cost of solar electricity (from INR 6/kWh to INR 4/kWh), and the air quality benefits, the case for embarking on a transition to an all-electric future for city bus transportation today is evident. Furthermore, unlike diesel prices which are volatile, EV buses are poised to take advantage of low and 20-year nominally fixed solar electricity prices which are substantially lower than today's average cost of electricity supply (see Figure B ). Nominal fuel cost per kilometer for diesel buses (orange and dashed dot) and for electric buses under for two different scenarios for electricity prices -average cost of supply for state-owned utilities in India (ACOS) (solid blue and dashed trend line) and under 25-year nominally fixed solar power-purchase agreements (PPAs) effective from 2020 (solid black line). Diesel bus fuel cost is based on average annual diesel price and a fuel economy of 2.5 km/liter of diesel. Electric bus fuel cost is based on a fuel economy of 0.8 km/kWh for electricity and solar PPAs at INR 5.3/kWh (which is inclusive of a transmission and distribution cost of INR 1.5/kWh).
Most publicly owned bus systems in large Indian cities generally recover only about 70 to 90 percent of operating costs. Complete electrification of publicly owned fleets would more than offset the current net loss incurred by these agencies, which could enable these agencies to improve their finances without raising fares and then spur increased ridership in a virtuous cycle of performance and growth. Electrifying all 160,000 buses owned by state and city road-transport corporations across India would increase national electricity consumption by only about 1%.
India has significant experience in bringing down the prices of key clean energy technologies such as solar PV and LEDs with a robust policy ecosystem and well-designed large scale auctions. Relevant lessons from this experience can potentially be applied to bring down the electric bus prices in India including the use of large volume reverse auctions enabled by aggregation of demand, clearly defined uniform technical specification, clear long term policy target, and provision of supporting infrastructure.
India's Faster Adoption and Manufacturing of Hybrid and Electric Vehicles (FAME) policy facilitates electric bus deployment, but our analysis suggests the need to improve the allocation of funds and address other shortcomings in the current scheme. For instance, despite FAME's generous per-vehicle subsidies, allocating the entire budget of INR 3,500 Crores set aside for electrification of buses and cabs would electrify less than 1% of the national stock of public and private buses combined. Low-or zero-interest loans to finance bus procurement, lowering the cap on maximum subsidy per bus, differentiating subsidies for AC and non-AC buses, adopting ambitious overarching goals such as ensuring all new public buses are electric, selecting a few major cities for demonstrating the feasibility of this idea, facilitating bus procurement on a large scale to exploit scale economies, and removing informational asymmetries and barriers would represent steps in this direction.
Introduction
Indian cities are struggling to keep the air breathable for inhabitants (Nature 2018) . Worldwide, emissions from transportation play an outsized role in urban air quality (Molina and Molina 2004) . Vehicular traffic is frequently the single largest contributor of particulate matter emissions in major cities, and it accounts for 37% in Indian cities (Karagulian et al. 2015) . According to the World Health Organization, suspended particulate matter is responsible for the premature death of more than half a million people per year globally. Surveys also suggest that pollution drains cities of skilled human capital.
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Despite constituting only a small fraction of total vehicles on city roads-heavy-duty vehicles, a large proportion of which are diesel buses-account for a disproportionate share of particulate matter emissions. For instance, in Sao Paulo, Brazil, heavy-duty vehicles represent only 5% of all vehicles but are responsible for 40% of the benzene and 47% of the black carbon in the atmosphere, and city transit buses and urban cargo vehicles combined account for 30% of particulate emissions . 4 There is now consensus that exposure to diesel engine exhaust is carcinogenic (IARC 2012).
While the urban air-quality benefits of electric buses are unquestionable, electric buses historically presented two challenges to cities. First and foremost, their upfront cost was prohibitively high for subsidized and cash-strapped public agencies .
5 Second, although electric vehicles emit no pollution at point of use, their lifecycle environmental benefits depend largely on the source of electricity used for charging. 6 The situation on both these fronts is dramatically different today. The last two years have witnessed a rapid decline in the cost of battery technology, which is the main cost component of an electric bus (Figure 1 ), which is substantially lowering the total lifecycle cost of electric vehicles. Given the rapidly growing share of renewables in grid electricity, 7 electric buses also appear to be cleaner than diesel buses on a lifecycle basis with respect to climate change and air pollution.
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Figure 1: Recent trends in lithium-ion battery cost and projections (post-2017) by Bloomberg New Energy Finance (BNEF 2018) Unlike diesel prices which are volatile, EV buses are poised to take advantage of low and 20-year nominally fixed solar electricity prices which are substantially lower than today's average cost of electricity supply. Figure 2 compares fuel cost per km for diesel buses and electric buses charged with solar power, demonstrating increasing diesel prices but solar PPA prices that are fixed (in nominal terms) over the duration of the PPA (typically 25 years in India). For example, in the fiscal year 2018 -19 (up to October 2018 , the capacity-weighted average of bid prices across 11 reverse auctions for 8.6 GW of solar capacity was INR 2.67/kWh. This average price will be realized once these projects are commissioned, about 18-24 months from signing of the PPAs. On the other hand, the diesel price reached INR 75/liter in Delhi in October 2018, an increase of 11% since July 2018. Thus, the gap between the fuel cost of diesel versus solar-based electricity will continue to increase, even if we assume a modest CAGR for diesel prices in future. Given the anticipated availability of ultra-fast charging, 8 electric buses can potentially charge during daytime to take advantage of low, constant solar electricity prices, unlike the rising and volatile diesel prices.
A few recent studies have compared the total cost of ownership of electric, diesel, and CNG buses (CSTEP 2018 , ADB 2018 , BNEF 2018 . BNEF study finds that electric buses achieve TCO parity with diesel in 2018 for several of the cases they analyze whereas the ADB study focused on China finds TCO to be 35% higher than diesel. CSTEP is the only study on TCO of electric buses in India and finds that it is 19% higher than diesel (for their pragmatic scenario) even with more than 50% capital subsidy on electric buses.
We argue that all else equal, the incremental cost of an electric bus is at most the additional cost of the battery, since the cost of the additional components required in an electric bus is typically lower than the cost of the engine and transmission that are not required. Hence battery price is one of the most important variables determining the TCO of electric buses. BNEF, ADB, and CSTEP assume incremental cost of 10-12m AC electric buses to be $98K, $156K, and $280K respectively implying a battery price of $400/kWh 9 , $480/kWh 10 , and 860/kWh 11 respectively compared to the prevailing prices for batteries for cars of about $200 kWh in 2017 (BNEF 2018) although there are no fundamental technical differences between the two. BNEF study states that higher prices for bus batteries are due to low volumes and should converge with those sold for cars with higher volumes, an assessment confirmed by our conversations with industry experts.
Given India has one of the largest bus markets in the world and can potentially have a large electric bus market, we focus on assessing the TCO of electric buses at high volumes where prices for batteries procured for buses are similar to those for cars. Hence our TCO estimates for electric buses are lower than those found by other studies and closer to what can be achieved with higher volumes.
We assess the new economics of electric buses using two different approaches: bottom-up cost estimation and analysis of bids received by different cities in India, both of which appear consistent and show that city bus fleets are ripe for transformation to an all-electric future even without valuing the environmental benefits. If electric vehicles can fully exploit the reduction in solar electricity cost (e.g., through direct PPAs with solar generators), then the benefits of electrification would be even greater. 
Recent trends in electric bus adoption
The electric bus market is dominated by pure battery-electric buses, although plug-in hybrid and hybrid-electric buses hold market share as well. Our focus is on pure battery-electric buses only. Today, China is the largest producer and consumer of pure electric buses. Bloomberg New Energy Finance (BNEF 2018) 13 reports that 17% percent of China's entire bus fleet was electric as of 2017, and Chinese manufacturers account for 99 percent of the 385,000 electric buses operating around the world (Figure 3 ). For reference, the total fleet size of state road-transport corporations across India is about 160,000 buses. The Chinese city of Shenzhen became the first in the world to replace its entire fleet of diesel buses with electric buses, and several other Chinese cities are set to follow suit. In the United States, New York, Los Angeles, and San Francisco have announced plans to become all electric over the next two decades. The International Association of Public Transport (UITP) documents that, by 2025, 18 European cities expect to have a total of 6,100 electric buses in service, representing 43% of the combined fleets.
14 In 2015, Bogotá, Columbia; Quito, Ecuador; Caracas, Venezuela; Buenos Aires, Argentina; Mexico City; and Brazil's Curitiba, Rio de Janeiro, and Salvado each committed to eliminate diesel buses by 2020 (although it is not clear if these will all be electric). 15 In future, the Asia-Pacific region is predicted to dominate the market for electric buses.
12 Data on the average cost of supply (ACOS) for state owned utilities in India (covering ~90% of total electricity sales) is obtained from annual reports on the Performance of State Power Utilities produced by the Power Finance Corporation Limited, a Government of India undertaking. 13 https://www.bloomberg.com/news/articles/2018-04-23/electric-buses-are-hurting-the-oil-industry 14 http://zeeus.eu/uploads/publications/documents/zeeus-ebus-report-internet.pdf 15 https://energytransition.org/2017/12/e-mobility-latin-america/ Figure 3 : Evolution of intra-city stock of electric and non-electric buses in China from 2011 to 2017. The share of intra-city stock that is electric increased from less than 1% in 2011 to nearly 50% in 2017.
India's Faster Adoption and Manufacturing of Hybrid and Electric Vehicles (FAME) national scheme, 16 originally adopted in 2015, and currently in process of being redesigned, represents recognition by Indian policymakers of the need to foster a robust domestic electric vehicle industry. FAME intends to allocate a total of INR 3,500 Crore (USD 470 Million) 17 toward incentives for procurement of electric buses and cabs across India. It also allocates INR 1,000 crore for establishment of 15,000 slow-charging and 30,000 fast-charging stations across India. Electric bus buyers can take advantage of one of two incentive schemes depending on the level of localization, i.e., domestic production's share of overall cost (Table 1 ). With support from FAME and other state-level policies, several Indian cities are beginning to experiment with electric buses. A total of 390 electric buses are being procured by cities with FAME incentives: 40 buses each for Ahmedabad, Hyderabad, Mumbai, Kolkata, Jaipur, Lucknow, and Indore; 15 buses each for Jammu and Guwahati; and 80 buses for Bangalore. In addition, many cities have announced plans to procure electric buses, including Delhi (planning to procure 1,000 electric buses 18 ) and Pune (500 electric buses 19 ). The Kerala State Transport Undertaking is evaluating the performance of electric buses, with tentative plans to purchase 300 buses if trials are successful. 20 Despite these efforts, the diesel bus sector continues to grow. The Indian medium-and heavy-duty bus market grew 7.6% during fiscal year 2016 -17 (sales of 47,262 units, vs. 43,909 in FY 2015 and this was driven largely by growth in demand from state and city bus agencies. 21 Given this context, a central motivation of our study is to convince public agencies of the clear economic case for public bus agencies at the city and state level to embrace electrification as a central strategy, thus promoting an informed policy ecosystem at the national and state levels. https://www.moneycontrol.com/news/economy/policy/electric-vehicles-government-raises-incentives-underfame-ii-to-rs-5500-crore-2878261.html 17 Assuming a conversion rate of 1 USD = 74 Indian Rupees (INR)
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Unit-cost comparison for electric and diesel buses This section compares the unit costs of electric and diesel buses using two approaches: estimation of production costs, and comparison of winning bids for supplying diesel versus electric buses and operating with these buses.
Comparison based on bottom-up production cost estimation Using manufacturer data on the cost of major components and subsystems, we derived bottom-up estimates for the cost of manufacturing of both 9-meter and 12-meter diesel and electric buses, each with and without air-conditioning system. Full details of the actual commercial model of electric and diesel 22 along with a break-down of the cost for the various sub-systems is in the appendix. The basic motivation for the bottom-up cost estimation is to be able to estimate the cost of an electric bus directly based on battery cost and operating (fuel and maintenance) costs. Since in the long-run the difference in costs of electric and diesel buses fundamentally ought to reflect the incremental cost of the battery, the savings in engine cost, and savings in fuel and maintenance costs, a bottom-up estimate can be compared with current prices for buses and ascertain how closely do current market price for electric buses differ from the potential long-run prices under competition and under different future scenarios of battery and fuel prices. Figure 4 shows the TCO, capital cost, fuel and maintenance cost for four different bus classes of diesel and electric buses for an average operation of 200 km/day. Our calculations of TCO include bus purchase cost, fuel and maintenance cost, one battery replacement at the end of year 7 over the course of a 12-year life 23 , charging infrastructure cost, and labor cost for one driver (Table 2) . Across all four classes of buses, the bottom-up cost based comparison suggests that while electric buses are costlier (by 80% to 300%) to procure, their lifecycle cost of ownership is 17%-34% lower (at a 10% discount rate), and their payback period is about 4 years, which is well below the 12-year life.
For the 9m and 12m AC bus categories, Figure 4 shows that TCO derived from bottom up cost estimates of vehicle production cost (solid green bars) is below the winning bids for electric bus service on a per km contract basis (green checkered bars) and that the latter is still lower than the bottom-up estimate for TCO of diesel bus. However, for the 9m non-AC bus, our TCO estimates are substantially below the bids for per-km contract and furthermore, these bids even exceed the bottom up estimate for the 9m non-AC diesel bus. However, it is interesting to note that the perkm bid for 9m non-AC electric bus service is actually about 30% higher than the bid for 9m AC electric bus service.
Additionally, Figure 4 also shows how the bottom-up estimate of electric vehicle production cost (solid green bars) compares to winning bids for outright procurement of electric buses (hashed green bars). Here, whereas the bottom-up estimate closely matches the bids for 12m, the bid price is much higher than our estimate for the 9m AC bus. Using this higher value for capital cost almost 14 doubles the payback from 2.4 to 4.8 years for the 9m AC bus (not depicted in Figure 4) . No outright purchase bid data was available for either the 9m or 12m non-AC buses.
A more detailed analysis of the bids is discussed in a separate section below. Ignoring the anomaly in the per-km contract bid for 9m non-AC electric bus, it appears that electric buses are the economic choice even without placing a monetary value on their environmental benefits. More importantly, it suggests that electric buses could be the rational choice without subsidy. Given the higher markup of AC diesel buses relative to non-AC diesel, the difference in upfront cost between electric and diesel buses is smaller when they are both AC buses than when they are non-AC, which is reflected in the longer payback for non-AC electric buses at any given level of utilization (Table 3 ). 33 Maintenance cost for electric buses is assumed to be 50% of diesel bus maintenance cost. 34 We assume that the bus-charger cost (including grid connection, transformer, converter and other power electronics, and control system) to be similar to the balance of system cost of a solar power plant or a grid-scale storage plant since they include mostly the similar components. This cost is approximately $316/kW. For a 70kW bus charger assumed here, the total capital cost of one charger would be approximately Rs 1.55 million, which approximately matches Tata Motor's quote of Rs 1.6 million for a 70kW charger in Kolkata. Fleet level electrification may require transmission and distribution system upgrades. However, their incremental cost is small and not included here. Refer to the subsequent section and appendix for more discussion on charging infrastructure. 35 Battery capacity is taken from specifications published for electric bus procurement by Bangalore. Figures 6 and 7 show the sensitivity to various factors of TCO and simple payback for the 12-meter AC bus. The sensitivity analysis is carried out by changing one input at a time while holding other inputs fixed at their base values (which are listed in Table 2 ). The low and high values for each input are arbitrary, but they are meant to represent plausible extremes. Figure 8 shows the potential reduction in TCO under a combination of technology and policy improvements in the future. Specifically, it shows the effect of elimination of the 30% tariff of imports of battery system, a reduction in unit battery cost from $200 to $100 per kWh, and a reducing in electricity cost from INR 6 to INR 4/kWh 36 . These three scenarios combine to yield a reduction of 17% in the TCO. The figure for comparison also shows the effective TCO incurred by the buyer (which is net of the subsidy) and the price paid to producers which is the sum of the TCO to the buyer and the effective subsidy received from the government. 36 In 2018, solar PV PPA prices in India have dropped to Rs 2.4/kWh. For competitively bid solar projects, the interstate transmission charges and losses have been waived. Many states have also waived or lowered intrastate transmission charges for renewable energy projects. Therefore, it is possible that transport utilities can procure solar power through open access at a delivered price of Rs 3.5/kWh, and we use that as a lower bound for the electricity price. Prior to creating a special tariff for electric vehicle charging, the charging stations were being charged at commercial tariffs in Delhi (Rs 8-9/kWh). Therefore, we use a nominal commercial rate of Rs 10/kWh as a higher bound on electricity price. 
Analysis of bids received by 10 Indian cities
Comparing our bottom-up estimates with actual bids received by several Indian cities 37 highlights the following. First, electric bus services are being adopted under two different models. One involves outright purchase of buses by city transport agencies (Kolkata, Lucknow, Indore, Guwahati, and Jammu), and the other involves contracting on a cost-per-km-operated basis 38 (Jaipur, Mumbai, Bangalore, and Hyderabad). Second, there is variability across cities for each type of contract, for which there are two plausible reasons. One is that the bus specifications vary across cities. For instance, having AC or not, bus length (9 or 12 meter), seating capacity (27 to 31), bus range on full charge (150 to 300 km), battery capacity (125 to 320 kwh), and bus floor height above ground (400 to 900 millimeter) can influence the cost. Table 4 shows specifications associated with the buses procured by different cities. Another reason for variability in bids across cities is the immaturity of the electric bus industry, which creates relatively steep cost reductions over time owing to learning and economies of scale: different cities might receive different prices for identical products depending on the timing of and size of the contracts. However, the bids were all obtained within a relatively narrow time window, which makes this a weaker basis for variation. 37 https://dhi.nic.in/writereaddata/UploadFile/Benchmark%20price%20for%20Electric%20Buses63666299596397561 6.pdf 38 The price-per-km contracts include the cost of charging infrastructure, driver, and vehicle maintenance.
In some instances, contracts with identical bus specifications have received widely varying prices from the same vendor, which is difficult to explain. Let us focus on the comparison of 12-meter AC buses. Figure 9 compares our bottom-up TCO to with the bids received for cost-per-km contracts (Hyderabad and Bangalore) for a 200-km/day utilization rate. It is quite striking that the effective cost of per-km contracts to bus agencies is similar to the TCO for diesel bus while the effective price to supplier, which is the cost to buyer plus the subsidy is much higher. This lends some support to the idea that suppliers are pricing the contracts to just make it attractive enough to buyer and might be capturing most of the benefits of the subsidy. If such is the case, it could be due to imperfect competition for bus supply. Potential implications on a national scale 39 If electric buses were deployed on a national scale in India, they would provide substantial economic and environmental benefits, while requiring a well-planned charging infrastructure. Here we simply linearly extrapolate the savings estimated from unit bus cost based comparison to a national scale.
Economic impacts
Electric buses pay back the extra upfront investment in about 3 years (which is quick relative to a 12-year service life), and TCO savings per electric bus range between INR 67 Lakhs and INR 132 Lakhs (Table 5 ). According to the Central Institute of Road Transport, Pune, state road-transport corporations across India reported an annual combined net loss of Rs 12,500 Crores (INR 125 billion) during 2015-16. 40 Complete electrification of this bus fleet offers potential savings representing 126% to 248% of the annual loss (Table 5) , thus more than offsetting the current net loss incurred by bus agencies. Studies suggest that most publicly owned bus systems in large Indian cities generally cover about 70 to 90 percent of operating costs, much higher than in many other countries. 41 Switching to electric vehicles would allow bus agencies to redress this situation without raising fares, which could spur an increase in ridership and further improve the finances. 
Environmental impacts
On a per-passenger, per-kilometer (pass-km) basis, electric buses eliminate about 2 to 20 mg/passkm of PM2.5 emissions and 0.3 to 0.5 g/pass-km of NOx emissions. The lifecycle environmental impacts of replacing diesel buses with electric buses depends on the lifecycle environmental footprint of the electricity generation, which in turn depends on the share of coal in the electricity supply. Public agencies could ensure that electric buses minimize lifecycle emissions through PPAs with renewable energy producers, which can deliver a double dividend in the form of lower emissions and electricity prices that are lower than average grid electricity prices.
Infrastructure requirements
Our calculations suggest that converting the entire fleet of 160,000 buses owned by state roadtransport corporations across India would increase national electricity consumption by 0.7% (150 km/day) to 1.2% (250 km/day). Creating appropriate fast-charging infrastructure is the key to rapid electrification of the bus fleet. However, the following two concerns are typically cited as key bottlenecks -cost of the fast-charging infrastructure and upgradation of transmission / distribution system for integrating the charging load.
Using the bottom-up cost estimates for solar PV and grid-scale battery storage plants, we estimate the total capital investment for the charging infrastructure in India would be about $300-350/kW. Refer to the appendix for a detailed break-up. Therefore, for installing a fast charger delivering 320kW (enough power to fully charge the 12m low floor AC electric bus in 1 hour), would entail a capital investment of approximately INR 7 million per charger including the grid connection, transformer, and power electronic components. For a city like Delhi, full fleet electrification of its 6,000 buses would require installation of about 1,000-1500 fast-chargers assuming 4 -6 buses share one charger. This implies a total capital investment of about Rs. 700 -1,000 Crore, which is significant. However, the amortized cost of the charging infrastructure would be only about Rs. 2 to 5 per km because the infrastructure has a life of 15-20 years. If the charging facilities are shared between additional buses or with other private users, the infrastructure cost per km would drop even further. 42 If cities opt for a slower charging infrastructure (comprising of 70kW chargers that can charge the 12m low-floor AC bus in 4-5 hours), the investment requirement would be smaller -about INR 1.6 million per charger. However, given the long charging times, multiple buses may not be able to share this charger implying installation of over 4000 slow-chargers (capital investment of about INR 600 Cr) for full fleet electrification in Delhi. Please refer to the appendix for details.
Second important concern is of the transmission and distribution system upgrades. Note that converting the entire fleet of 160,000 buses owned by state road-transport corporations across India would increase national electricity consumption by 0.7% to 1.2%. Therefore, at the national or state power system level, no major upgrades may be necessary. However, this issue needs a more nuanced assessment considering local network constraints -at city or division level. A charging station for a bus-depot with 100 fast-chargers (capable of charging a total of 300-800 buses each day) would have a total peak load of approximately 30MW, which would necessitate building a separate high voltage substation. The typical cost of a transmission / distribution substation is anywhere between Rs. 0.5 to 1 Cr/MW -implying a system upgradation investment of approximately Rs. 15-30 Cr per depot, which translates to an additional cost of Rs. 0.8 to 1.5/km. Please refer to the appendix for details. While economic impact of system upgradation appears small, real-estate availability in the depots and right of way issues for extending the high voltage lines within the city need to be assessed in more detail.
Policy discussion
Our study shows that a 15% lower TCO for electric buses compared to diesel can be achieved even today without any subsidy. Given projected reduction in battery prices, elimination of import duty on batteries, and lower electricity prices, the TCO could be 40% lower even before one factors in the environmental and energy security benefits. Indeed, these conclusions depend on electric bus manufacturers procuring batteries at scale realizing prevailing battery prices similar to those for cars and passing on these benefits to consumers due to competition in the procurement process. India has significant experience in bringing down the prices of key clean energy technologies such as solar PV and LEDs with a robust policy ecosystem and well-designed large scale auctions. For these technologies, not only India has achieved price reductions of more than 80% since 2010 in line with the global trends, but has realized one of the lowest prices for these technologies in the world. 43 Relevant lessons from this experience can potentially be applied to bring down the electric bus prices in India including the use of large volume reverse auctions enabled by aggregation of demand, clearly defined uniform technical specification, clear long term policy target, and provision of supporting infrastructure.
India has one of the largest bus markets in the world with sales of 80,000 buses in 2017 and increasing every year. Note that share of buses used in the public sector is only 10% of these. There are several examples where procurement by public sector agencies has helped reduce costs and establish technologies which has accelerated their wider adoption. Experience from the UJALA program (EESL's bulk procurement LED program started in 2014) is compelling. Since the launch of UJALA, about 1,200 million LED lamps have been installed in India. Out of these, only 300 million have been installed by EESL 44 -but plausibly because of the large volume of their orders, LED prices in the retail market have also fallen significantly leading to the large increase in the overall LED uptake -even outside the UJALA program (Chunekar, Mulay, and Kelkar 2017) . Opportunities to realize similar market transformation benefits through public procurement also exist in the bus market.
The FAME policy, originally adopted in 2015 and currently in process of being redesigned, provides strong financial incentives for adoption of electric buses in India by public sector agencies, but our analysis reveals opportunities for improvement. While FAME establishes a strong policy-ecosystem containing incentives for different market segments, and incentives for creating a supporting charging infrastructure, it lacks an overarching long-term goal against which 43 Solar electricity price in India is about half that of Indonesia and China and similar to the US despite much lower financing costs in the US.
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Source: https://economictimes.indiatimes.com/industry/energy/power/eesl-distributes-30-cr-led-bulbs-helpedsave-rs-15k-cr-annually/articleshow/64234103.cms the policy's performance could be measured and improved with time. In the specific context of public bus fleets, an aspirational goal such as ensuring all new public buses (or a large fraction) are electric is warranted. But as the national government lacks jurisdiction over municipal and state bus agencies, national policy could target a select set of cities to demonstrate the feasibility of such a goal. Such a strategy could have greater impact in the long run as opposed to a strategy that allocates subsidies in a diffused manner across every city. A nationally coordinated strategy would also better exploit economies of scale in both bus procurement and installation of charging infrastructure.
Educating decision makers in bus agencies about the new economics of electric buses may address inefficiencies arising from lack of information. To this end, a concerted effort to disseminate information on developments in the electric bus industry would increase the efficacy of the overall FAME scheme. Still, financially constrained bus agencies may be averse to adopting new technologies with high upfront costs. The common approach worldwide, and the one employed by FAME as well, is to subsidize the cost of electric vehicles. A third suggestion is that the high upfront cost barrier could be addressed by simply offering low-cost or interest-free loans to finance the incremental cost of investing in electric buses and charging infrastructure. With this approach, a greater number of buses could be electrified for a given total subsidy budget. For instance, a 12m AC electric bus priced at about Rs. 75 lakhs receives a subsidy of Rs. 45 Lakhs under the Level 2 incentive, even though it costs only Rs. 15 lakhs more than an equivalent AC diesel bus-the pervehicle subsidy is three times the difference in upfront cost. When allocated in this fashion, the total subsidy budget of Rs. 3,500 crores, would help electrify less than 4% of the entire national stock of public road transportation buses, and only about 1% of the national stock of publicly and privately owned buses combined.
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Another important priority is ensuring access to cheap and clean electricity. The additional electric generation required for nationwide adoption of electric buses represents a small fraction of current national generation. Supplying this power through dedicated renewable energy generation would maximize the economic and environmental net benefits. Today's utility-scale solar power plants can generate electricity at less than Rs 2.5/kWh, which is cheaper than the cost of baseload coal power plants. Owners of electric bus fleets should therefore be empowered to exploit the cheapest electricity resources without undue burden from transmission and distribution companies. On a related note, there is also a need for clear policy direction on standards for charging heavy-duty vehicles.
To conclude, electric buses can improve urban air quality and unleash a virtuous cycle of better financial performance for bus agencies, followed by improved quality of service and growth in ridership. While the FAME policy is a step in this direction, refining and reinforcing the framework can accelerate the transition at lower cost. To this end, we recommend applying relevant lessons from the transformation of the solar PV and LED market to electric buses including reforming the subsidy regime, adopting ambitious overarching goals such as ensuring all new public buses are electric, selecting a few major cities for demonstrating the feasibility of this idea, and disseminating information on the economic case for electric buses.
Break-down of Charging Infrastructure Cost
In order to estimate the charging infrastructure cost, we have used the BOS cost estimates for solar power and energy storage projects. These projects include very similar equipment such as a transformer, converter / inverter and other power electronics and the charge control systems for the battery storage plants. The capital costs for India are given in Table A1 . Note that these costs generally match with the costs quoted by Indian manufacturers. For example, in Kolkata, Tata Motors have quoted a 70kW charger cost of Rs 1.6 million (equivalent to ~$300-350/kW). The charging infrastructure costs in China are in the similar range ($250-300/kW). 
Electrical installation 38
Safety and security 66
Inspection 9
Monitoring and Control 3
Total capital cost ($/kW) 316 Data Source: IRENA (2018) .
In table A2, we estimate the total and per km costs of two types of electric bus chargers -a baseline charger with 70kW capacity (typically installed in India) and a fast charger of 320kW capacity that charges the 12m AC bus battery in 1-hour (equivalent to 1C charging rate). Total number of buses served by 100 fast-chargers each day 300
Total system upgradation cost Rs per km 0.8
